We derive supersymmetry/supergravity models with constrained orthogonal nilpotent superfields from the linear models in the formal limit where the masses of the sgoldstino, inflatino and sinflaton tend to infinity. The case where the sinflaton mass remains finite leads to a model with a 'relaxed' constraint, where the sinflaton remains an independent field. Our procedure is equivalent to a requirement that some of the components of the curvature of the moduli space tend to infinity.
Introduction
The supergravity models with orthogonal nilpotent superfields appear to be very useful in cosmology [1, 2] , for example with respect to supersymmetry being realized non-linearly. The purpose of this paper is to find out if the absence of the inflatino and the sinflaton in the spectrum of the non-linear models can also be understood by requiring the existence of the formal limit of masses of the corresponding particles going to infinity in the linear supergravity models.
An analogous situation has been studied in [3] , where the linear model in the limit of the infinite mass of the sgoldstino was shown to lead to a theory with a nilpotent multiplet
This theory has non-linearly realized supersymmetry and contains no fundamental sgoldstino, in line with the fact that the corresponding Volkov-Akulov (VA) model [4] has spontaneously broken global supersymmetry and only a fermion field, i.e. a spectrum without bosons. The relation between linear and non-linear supersymmetry was investigated in [5] , where the nilpotent chiral multiplet S 2 = 0 was proposed with regard to the VA theory. Other constraints on superfields in global supersymmetry were studied in [6, 7] , and the theory with a constrained nilpotent superfield S 2 = 0 was shown to be equivalent to a VA model in [8] . Bosonic supergravity models of the VA type, with constrained superfields in application to inflation, were proposed in [9] .
Another way to describe the linear model underlying the model with non-linearly realized supersymmetry in the case of the nilpotent multiplet S 2 = 0 is to introduce the Lagrange multiplier superfield Λ to the constraint of the form ΛS 2 . This has been done both in the global supersymmetry model [10] and in the local superconformal theory [11] .
The orthogonal nilpotent superfields studied in [1, 2, 6, 12, 13] are the chiral field S, nilpotent by (1.1), and a real superfield
related by the orthogonality condition SB = 0.
( 1.3)
This sets the components of the superfield Φ, an inflaton superfield in application to cosmology, to be functionals of the S multiplet, rather than fundamental. A relaxed constraint [1, 2, 6, 7, 12, 13] Dα(SB) = 0 (1. 4) allows the scalar component of Φ to remain independent.
In the setting of Lagrange multipliers, a complete description of these constraints remains to be formulated, although it has been proposed [1] that such a Lagrange multiplier has to be a complex general superfield. A detailed investigation of general Lagrange multipliers for various constrained superfields is performed in [14] , on the basis of the supermultiplet tensor calculus for N = 1 supergravity [15] , adapted to the notation of [16] . A review of the supermultiplet calculus and many references can be found in [14] .
Here we provide an alternative version of the linear supergravity model, without Lagrange multipliers, by analysing the limits of models with linear supersymmetry when the masses of the relevant particles tend to infinity. In these limits we show how the models with constrained orthogonal nilpotent superfields (1.3), or the relaxed constraint (1.4), emerge. A previous attempt [7] to the latter was unsuccessful: a discrepancy between the superfield constraints and the limit to heavy fermions in Φ was revealed. However, the choice of the 'microscopic theory' in [7] was not suitable for this purpose, as we show in appendix A.
In the global supersymmetry case the procedure is relatively simple. Terms with curvature of the moduli space, related to the masses of some fields, are added to the Kähler potential. Such models are shown to have a well-defined limit when the masses tend to infinity: the limiting models are those with constrained superfields. We argue that the constraints are sufficient and necessary conditions for the existence of such a limit.
In the local case we use the general multiplet calculus presented in [14] , and we apply it to our models which in the infinite mass limit lead to orthogonal nilpotent constraints, or relaxed constraints, in supergravity. This result is closely related to the result presented in [1] , but we make one more step and produce the solution of the constraints in the case of local supersymmetry.
Global supersymmetry and the moduli space curvature
Consider the model with two standard chiral superfields, where
is often called the stabilizer superfield, where χ s is the goldstino, s is the sgoldstino and the auxiliary field F s is the order parameter for supersymmetry breaking. The inflaton superfield is given by
where ϕ is the inflaton, b is the sinflaton and χ φ is the inflatino. Global supersymmetry is linearly realized and the initial flat Kähler potential is of the form
with the real superfield B given by (1.2) . This Kähler potential is invariant under shifts of the inflaton field ϕ. The superpotential is a general holomorphic function of both superfields:
To relate this linearly supersymmetric model to a model with non-linearly realized supersymmetry, we add the following terms to the Kähler potential:
Here, the four arbitrary constants are c, c 1 = a 1 + ib 1 and c 2 , all independent of each other. In supergravity, as long as all c i are finite and independent, we have a perfectly consistent linearly realized supergravity model, but the moduli space is not flat. As we will see below, these constants are defining various components of the moduli space curvature. The sectional curvature (SS) 2 and the bisectional curvature SSB 2 were proposed in [18] with the purpose to generate the masses of the sgolsdstino and the sinflaton, respectively. The cubic term SB 2 was suggested in [1] with the purpose to generate the mass of the inflatino.
In general, the moduli space curvature is defined as
The curvature terms affect the masses of the bosonic particles as follows [19] 
whereF k , Fl are auxiliary fields, assuming that the Christoffel symbols vanish. Here we are using the framework and notation as defined in [18] , and we will only look at constant, field-independent contributions, evaluating the mass terms at S =S = B = 0. The fermionic masses are set by:
1 Note that we will use the notation χ = P L χ andχ = P R χ, with (χ) 2 = χP L χ and (χ) 2 = χP R χ, and follow the conventions of [17] , in the 2-component setting.
following [16] .
The new feature of our models described by (2.5), compared to the ones in [18, 19] where only quartic corrections to the Kähler potential were studied, is that there are non-vanishing Christoffel symbols at S =S = B = 0, due to the cubic corrections. In such a case, the corrections to the bosonic mass formula are not given by the curvature, but by the fourth derivative of the Kähler potential [18] ∆M
Moreover, we also find a holomorphic-holomorphic contribution to the mass matrix for the inflaton
We therefore find that with (2.5), there are non-vanishing Christoffel symbols as well as relevant fourth derivatives of the Kähler potential, defining the mass corrections due to the c i through
It follows, according to (2.8-2.11), that there is an additional contribution from the fourth derivatives of the Kähler potential, and from the Christoffel symbols (related to the third derivatives of the Kähler potential), to the masses of the bosons and the fermions. One also finds a contribution to the off-diagonal mass matrix M ΦΦ = −M ΦΦ for the inflaton, as explained in [18] . Therefore, the mass of the sinflaton has twice the value associated to K ΦΦSS . With regard to the interpretation of the parameters c, c 1 and c 2 , we have to keep in mind that the consistent limit where these parameters tend to infinity exists only when F φ is a functional of fermions, as will be shown in Sec. 3.3, and therefore has no vacuum expectation value. Also note that the interpretation of the parameters c, c 1 and c 2 going to infinity is associated to the masses of the particles that fall out of the spectrum. However, it can also be given in terms of the components of the curvature of the moduli space, going to infinity according to eq. (2.6).
Instead of performing the analysis of the effect of the curved moduli space on the masses, we can use the action formula for the D-term action 12) and compute all mass corrections due to ∆K directly. Using (2.12) we see that the corrections to the Kähler potential in (2.5) lead to contributions to the masses of the sgoldstino s, inflatino χ φ and sinflaton b:
Here we have used the fact that the bosonic part of F φ is vanishing in the limit where c and c 1 tend to infinity, see Sec. 3.3. Because of this, we discard the term 1 2 χ s χ φF φ to the mass term in (2.14). The mass formulae in (2.13-2.15) are consistent with the geometric analysis above.
The c-dependent terms are functions of component fields
The existence of the limits c → ∞, c 1 → ∞ and c 2 → ∞ requires each of the equations 17) to be satisfied individually, with c, c 2 ∈ R and c 1 ∈ C. We will begin by engaging only the term −c(SS) 2 , which will permit us to send the mass of the sgoldstino to infinity through c → ∞, at fixed values of c 1 , c 2 , and we will relate the resulting model to the one with the nilpotent superfield by requiring that
This problem was solved in [3] . Here, we will propose an alternative way to derive and confirm that result, which will help us with the two other cases. Subsequently, we will add the correction c 1 SB 2 +c 1S B 2 , which gives rise to a mass term for the inflatino. This will permit us to send the masses of the sgoldstino and the inflatino to infinity with c → ∞ and c 1 → ∞, at fixed values of c 2 . We will require that 19) and relate the resulting model to the one with the so-called 'relaxed' constraint [1, 6, 12] , where the sinflaton field b remains an independent field. Finally, we will also engage the term c 2 SSB 2 , leading to a mass term for the sinflaton, and relate the resulting model to the one with the orthogonal nilpotent constraints [1, 6, 12] , where the sinflaton field b also becomes a dependent field. Altogether, we will find orthogonal nilpotent multiplet models in the limit of large masses -for the sgoldstino and the inflatino, as well as the sinflaton. The limit of
requires that all eqs. in (2.17) are satisfied.
The sgoldstino mass term
In [3] , we presented an explicit expression for
through computing the D-term of the superfield (SS) 2 . By direct inspection of the explicit expression given in eq. (3.15) in [3] we concluded that it is necessary and sufficient to require that s = (χ s ) 2 2F s for that D-term to vanish, under condition that F s = 0. We may now reformulate this requirement as follows. The superfield (SS)
2 is a product of a chiral and an anti-chiral superfield:
The only solution, invariant under global supersymmetry transformations, for which ZZ D vanishes, is the constant chiral superfield Z = z 0 , which does not depend on (x, θ) 2 . Let us apply this to the case of (2.22), with S as given in (2.1). The θ and θ 2 components of Z have to vanish, which implies 2sF
Two types of solutions exist, depending on whether F s = 0 or F s = 0. The first one is
whereas the second requires a strictly non-vanishing F s (but otherwise not restricted):
Consistency of the second type of solutions requires that
Thus we have given an explicit proof of the uniqueness of the requirement that S 2 = 0 for the D-term of (SS) 2 to vanish, under condition that F s = 0. This is in agreement with the earlier derivation of the same result in [3] .
In conclusion, starting with linearly realized supersymmetry with an unconstrained, chiral superfield S, if F s = 0 we find that the limit when the mass of the sgoldstino m 2 s ∼ c tends to infinity exists under the unique condition that the superfield S is nilpotent.
The inflatino mass term
With the choice c 1 = a 1 + ib 1 , we can present the inflatino mass term in the Kähler potential as
That is, if we require the existence of the limit a 1 → ∞, the D-term (S +S)B 
However, as we we will confirm below, the limit of c, c 1 to infinity requires that F φ = 0. Therefore, we can discard the mixing term in this limit.
A direct inspection of expression (2.28), and a search for the conditions required to make it zero, is more complicated than in the case with a correction −c(SS) 2 . A more effective approach is to look for a manifestly supersymmetric condition on some combination of the superfields involved, which would lead to the condition
We require thatDα
It follows from (2.30), using the distributive property of the spinorial derivative, that
Here, we have shown that by requiring thatDα(SB) = 0, one finds that the D-term for SB 2 vanishes, since it is a chiral superfield.
It was shown in [1, 6, 12] that the condition (2.30) requires that χ φ and F φ are functions of the fields of the components of the nilpotent multiplet S, rather than independent fields. The explicit expressions are complicated. However, it follows from our argument in (2.31) that once the correct substitutions for χ φ and F φ , which solves (2.30), are inserted in (2.28), the right hand side of (2.28) vanishes for arbitrary values of ϕ and b.
Concluding, the only known (nonconstant) superfields for which the D-term vanishes are either Z +Z, with Z chiral, or linear ones, in the case of a real D-term. In our case, we have shown that SB 2 = Z, and we know from [1, 6, 12] that there is a consistent solution. Since the linear multiplet case does not apply for the complex, general superfield SB 2 , it means that the requirement (2.30) is sufficient and necessary (see Sec. 3.3 for the local case).
The sinflaton mass term
Despite the fact that the D-term (2.32) is complicated, it reveals that there is a mass term for the sinflaton,
(2.32)
From this explicit expression, one can find that the action vanishes only when the expression for b, in terms of the components of the nilpotent S multiplet, is inserted. Instead of this complicated procedure, we will follow the strategy presented above. We note that the superfield of interest can be presented as a product of a chiral superfield SB (a constraint already implemented) times an anti-chiral one,SB :
The D-term of the product ZZ vanishes only if
i.e., we have to determine whether z 0 vanishes, or not. With SB chiral, we can apply the procedure in appendix B with
for some scalar z SB , fermion χ SB and auxiliary field F SB . From the expansion of SB we have
36)
37)
From (2.38) it follows that
since F s = 0. Consequently, we find
We have thus shown that the condition that the D-term of (2.33) vanishes, requires that the corresponding chiral superfield vanishes:
As we know, this condition, in addition to S 2 = 0, leads to constraints on the components of the inflaton multiplet, which fix the sinflaton b to become a function of of the components of the nilpotent multiplet S.
This finalizes our proof that in the limit (2.20) when the masses of the sgoldstino, the inflatino and the sinflaton tend to infinity
the linear model becomes the one with non-linearly realized supersymmetry and orthogonal nilpotent superfields.
Local supersymmetry
The local case with −c(SS) 2 was studied in [3] . We will here assume that S is nilpotent and proceed with the new mass terms for the inflatino and the sinflaton, respectively. The multiplet calculus which we use below, in the form developed in [14] , is valid for local supersymmetry; all derivatives are supercovariant.
Basic multiplet calculus
To find a generalization to local supersymmetry of the expression for our actions in (2.16), we apply multiplication laws for complex multiplets. A generic complex multiplet C has the components
where C, H, K and D are complex scalars, and Z and Λ are Dirac fermions. Moreover, a generic complex multiplet C 3 , the product of two multiplets C 1 and C 2 , has the following components 3 [14]
Here, the supercovariant derivatives for the case of local supersymmetry are defined in [14] , for the global case they are simple derivatives.
Real and (anti-) chiral fields
The complex multiplet reduces to a real multiplet when C = C is real. Then Z and Λ are Majorana, i.e. (P R Z) C = P L Z. Furthermore, K = H * while B µ and D are real, yielding the components
On the other hand, it reduces to a chiral multiplet for P R Z = 0, with the components [14] {C, P L Z, H, 0, iD µ C, 0, 0} . (3.4)
In our setting, with S a chiral multiplet containing {s, P L Ω s , F s } and B the real multiplet given in (1.2), with Φ chiral and containing {ϕ + ib, P L Ω φ , F φ }, the relevant expressions in terms of complex multiplets are [14] 
Here, ϕ and b are real, while the other quantities are complex, and it is possible to check that the nilpotency condition (1.1) requires that
using the multiplet calculus (3.2).
The heavy inflatino model
With the addition of the term (c 1 S +c 1S )B 2 to the Kähler potential, the D-term component of the superfield c 1 SB
In relation to this, the first question that can be asked is under which conditions the D-component of the superfield vanishes, without the complete superfield SB 2 vanishing. A tentative answer is that the only supersymmetric condition which may lead to such a result is based on the properties of the superfield B being the sum of a chiral and an antichiral superfield, and we will see that if we assume SB to be chiral, it is possible to deduce that all terms in the D-term of c 1 SB 2 +c 1S B 2 vanish. Our first step is therefore to impose the restrictions of (3.4) on the components of SB. They are set by (3.2) to be [14] C SB = sb,
where the condition on Λ SB splits into two since the left and right projections must vanish independently. Of these, the right projections gives
The condition on D SB then gives
the solution of which can be obtained by substituting in the expressions given in (3.6) and (3.8), as derived in appendix C:
In total, this satisfies all of the conditions for SB to be a chiral multiplet; the P R Z SB vanishes etc. We have derived the expressions for the inflatino and for the auxiliary field in the inflaton multiplet as functions of ϕ, b, Ω s and F s . From (3.10) is is clear that F φ is a functional of fermions and does not contribute to the bosonic sector of the theory. The expression in (3.10) is a supergravity generalization of the corresponding expression in [6, 12] .
Proof of the chirality of the SB 2 superfield
We would like to compute a complete expression for L 1 K , i.e. we need to derive the supergravity D-term action of the SB 2 superfield, a supergravity version of (2.28). But since we know that such a D-term is vanishing in the case of global supersymmetry, we may want to prove the analogous result in the local case instead. The simplest way to do this is to use the multiplet calculus presented above with the concept of a covariant superspace derivative,Dα [14] , so thatD 3 = 0. Such a derivative, like in the global case, has a distributive property, so since we havē
An equivalent way to prove that SB 2 is a chiral superfield is to show that
We use the second line in (3.7), act on it with the projector P R : 14) and note that these two terms can be given on the form P R Z SB 2 = 2 C B P R Z SB . Hence, for the unconstrained b, the vanishing of this term is possible only if SB is chiral.
The heavy sinflaton model
Adding the term −c 2 SSB 2 to the Kähler potential, after the addition of the inflatino mass term, and requiring the existence of the limit c 2 → ∞, we find 15) as in the global case.
The easy way to find the constraint solution for b is to solve the condition H SB = 0, with H SB as given in (3.7). This defines b as 16) where the latter equality is given by the reality of b, giving the solution in a form more suitable for substituting in the expressions in (3.8) and (3.9) . Note that sb = 0. Finally, we obtain 17) as derived in appendix C, where a comparison with previous work also is to be found. This expression was presented in the case of global supersymmetry, in a different notation, in [6, 12] .
Summary
In this paper, we have shown that by sending the masses of the sgoldstino, the inflatino and the sinflaton to infinity, it is possible to derive the action with orthogonal nilpotent supermultiplets in supergravity. The mechanism is analogous to the one we have developed for the case of one nilpotent multiplet in [3] . Our new results are in agreement with the description of orthogonal nilpotent models in [1] and are based on a proposal there as to how to modify the Kähler potential for this purpose. We have used the multiplet tensor calculus for general supermultiplets developed in [14] to consistently define a general class of models with constrained superfields.
A Comparing with earlier work
In [7] the following choice was made for the total action
This action was called a 'microscopic theory' underlying the constrained superfields (1.4). The component Lagrangian at zero-momentum for heavy fields s and χ φ was computed, as in a simpler case of only a term (S † S) 2 in [6] , and the field equations for χ φ and F φ were derived. For χ φ , the equation which follows from this 'microscopic theory' is in agreement with the one following from the solutions of the superfield constraint (1.4). However, the one for the auxiliary field is of the form
This is totally different from the expression expected from the superfield constraint solution where, according to [6] ,
The first term in (A.3) is missing in (A.2), and the second term in (A.3) significantly differs from (A.2). The authors qualified this discrepancy as a 'puzzle' which they have never resolved. Now we see that by making a choice 4 of the linear supersymmetry model as in eqs. (2.3, 2.5), with a non-vanishing F s , we have proven the consistency of both the 'relaxed' (1.4) as well as the orthogonal (1.3) nilpotent constraints. We did not use the IR approximation for heavy fields, as in [6, 7] , but instead studied the existence of the formal limit when c, c 1 and c 2 tend to infinity, and found a complete agreement with the superfield constraints.
B A theorem on vanishing D-terms
For a chiral superfield Z the D-term is
Here, we will show that the vanishing of this term implies that a solution Z(x, θ) that is invariant under global supersymmetry transformations must be an (x, θ)-independent constant z 0 :
C Derivations ofF φ and b
For the derivation of the expressions forF φ and b, we use relations for Majorana spinors in four dimensions. For example, [16] Ω
gives
Other useful relations include [16] Ω
in combination with (3.6), as well as [16] (
The expression forF φ ForF φ , we have (3.9):
giving the final result
The expression for b
For b, we have (3.16):
which can be solved through iterations, with the extra terms introducing more derivatives on Ω s . Since each type of spinor only has two degrees of freedom (sP L Ω s = 0), the first (a) and second (b) terms only get corrected through the third (c) being fed back into b. Importantly, the derivatives have to act on the spinors in the b in a way that does not render the expression to zero. For (a) and (b), we have
whereas the third term (c) receives corrections from both the second (b) and the third (c) terms:
(C.6c)
Here, the terms in the last line again get corrected by b, but only by the (uncorrected) term (c) due to the amount of spinors in the other terms. Through simplifications using (C.3-C.4) and flips as in (C.2), it it possible to see that the third term in (C.6c) cancels the contributions from (C.6a). In a similar way, the second terms in (C.6b) and (C.6c) become and, through replacing the b with the first term in (C.6c)
(C.9)
In total we get the first term in (C.6c), (C.8) with the first term in (C.6b), and (C.7) with (C.9):
where we have put the expression on a simpler and more intuitive form. Note that the spinors and the auxiliary field naturally show up in terms of P L Ω s /F s , and that when a derivative has to act on the spinor for a nonzero expression, it is irrelevant whether this pairing is made explicit or not.
Comments
An expression for F φ is easily obtained through F φ =F φ and the observation of
Note that to go from the field definitions of the 4-to the 2-component formalism, as used in this paper, substitutions 12) would be required, due to a different scaling of θ and the choice of y µ = x µ + iθσ µθ in the 2-component notation [17] , different from the 4-component conventions 5 of [16] . However, further differences may come from the different choices of conventions. In specific, the 2-component relations we have made use of in this article are (θψ) = (ψθ) , (θχ) = (χθ) , (θψ)(θψ 
